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Abstract 


This paper deals with the low-frequency dielectric dispersion (LFDD) of colloidal suspensions with non-binary 
electrolyte solutions as dispersion media. Starting from the theory of double-layer concentration polarization in AC 
fields, it is demonstrated that counterions can undergo significant adsorption oscillations which can increase to a large 
extent the dielectric increment of the suspensions. It is also shown that such oscillations can also affect the characteristic 
relaxation frequency of the dielectric spectrum, «,,. This quantity can be either larger or smaller than it would be in 
a purely binary electrolyte, in which adsorption oscillations do not occur. The predictions of the theory are compared 
to experimental LFDD data reported in the literature. © 1997 Elsevier Science B.V. 
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1. Introduction 


The experimental study of the low-frequency 
dielectric dispersion (LFDD) of a suspension of 
colloidal particles has been shown to be a very 
significant tool in the characterization of their 
double-layer properties. Since the interpretation of 
the relevant experimental data is based on a theo- 
retical model of the mechanisms of double-layer 
polarization in AC fields, it is important that the 
model takes into account all the essential features 
of the problem. 

It is usual that the dispersion media chosen to 
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perform dielectric measurements in colloidal sys- 
tems consist of aqueous solutions of binary electro- 
lytes. In the framework of such studies, the effect 
of additional ions (e.g. H* or OH7) is underesti- 
mated, and they are only considered in the caicula- 
tion of quantitative parameters of the system, such 
as the zeta or Stern potentials of the interface. 

This binary-electrolyte approach is often.4 
ployed even in suspensions with essentially 
binary dispersion media (for instance, natural dis- 
perse systems, or suspensions of biological cells). 
In these and other cases the application of the 
approximate treatment considering only one type 
of cation and one type of anion is not justified. 
Although the contribution of the admixture 
(additional) ions to the bulk conductivity K, 
might be negligibly small. they can exhibit high 


174 LA. Razilov et al. | Colloids Surfaces A: Physicochem. Eng. Aspects 121 (1997) 173-187 


adsorbability in the double layer (DL). If the 
motion of such ions involves a substantial part of 
the net charge transfer within the DL, or between 
this and the bulk solution, the approximation of 
the binary electrolyte is not valid, and the disper- 
sion medium must be regarded as multi-ion 
solution. 

Some important features of the polarization of 
the DL in multi-ion media have been discussed in 
Refs. [1,2]. However, attention was only focussed 
on the ions which contribute significantly to Ky 
and/or provide electroneutrality to the bulk solu- 
tion. Their possible extra-adsorption at the DL 
was not considered in those papers. The problem 
was considered later in Ref.[3], where it was 
shown that mutual enhancement of ordinary and 
additional counterion-adsorption oscillations can 
occur. The effect of this phenomenon on the low- 
frequency limit of the dielectric increment of a 
colloidal suspension, Ae‘(0), was analyzed in that 
article, whereas the frequency dependence of Ae; 
was studied in Ref. [4], for the simple case that 
the mobility of the additional counterion is equal 
to that of the counterion of the binary supporting 
solution. It was found that the enhancement of 
adsorption oscillations had some effect on the 
characteristic relaxation frequency ,, of the 
LFDD spectrum of a colloidal suspension. 

A simple qualitative account of the phenomenon 
can be given as follows. Let us focus, for example, 
in the universal presence of H* and OH™ ions in 
aqueous electrolyte solutions. At least one of these 
two ions must have an extremely low concen- 
tration (<10~’ mol1~+), and, in fact, in a wide 
PH range (4<pH < 10, say) for electrolyte concen- 
trations of the order of 1073-10-?M, both of 
them will have comparatively low concentrations. 
They can thus be considered as “additional” ions 
ip the context of the present article. Although their 
songibution to the volume conductivity of the 
dispersion medium is negligible because of their 
low concentrations, they can affect equilibrium 
electrosurface phenomena due to their adsorption 
at the inner part of the double layer. Under the 
action of an externally applied field, Stern-layer 
polarization will occur as a consequence of the 
tangential motion of adsorbed ions parallel to the 
particle surface; but, furthermore, the additional 


ions can also be exchanged, perpendicularly to the 
surface, with other ions in the diffuse double layer. 
It is the analysis of the latter phenomenon and its 
effect on the dielectric constant of the suspension 
which is our aim in this paper. 

According to classical explanations of the 
LFDD of suspensions, upon applying an electric 
field both the diffuse (or Gouy) layer and the part 
of the Stern layer where free exchange of ions with 
the diffuse layer occurs can become polarized. Due 
to ion exchange with the electrolyte solution out- 
side the double layer, the latter maintains its quasi- 
equilibrium structure even after polarization and, 
as a consequence, changes take place in the concen- 
tration of the neutral electrolyte solution in contact 
with the double layer. This phenomenon, widely 
known as “concentration polarization’, brings 
about a diffusion of counterions which limits the 
electromigration fluxes started by the applied 
electric field. The larger the diffusion fluxes, the 
lower the amplitude of the dielectric dispersion. 

Now, the action of a sinusoidally varying field 
will give rise to.oscillations in the amounts of 
counterions adsorbed in both the inner and diffuse 
layers. Since electroneutrality is admitted every- 
where due to the quasi-equilibrium conditions 
mentioned, the small amount of co-ion adsorption 
oscillations must be compensated for by a similarly 
small amount of counterion adsorption oscilla- 
tions. But, these small oscillations can be attained 
by large opposite oscillations of the two types of 
counterions, 1.e. those of the supporting electrolyte 
and the additional ones, like H* or OH~. Hence, 
the diffusion flux of one of the counterions will be 
decreased, whereas the other will increase, but to 
a different extent. As a consequence, the total 
diffusion contribution of counterion fluxes in the 
double layer will be lower, and the dielectric 
increment of the suspension will be larger. 

In this work, a general treatment of the phenom- 
enon will be given based on the previous particular 
cases analyzed in Refs. [3,4]. The paper is orga- 
nized as follows: the general features of DL polar- 
ization in AC fields will be considered in Section 2. 
The consequences of these phenomena on the 
LFDD of a colloidal suspension are discussed in 
Section 3, and finally, Section 4 is devoted to the 
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analysis of a number of experimental works in the 
framework of the theory presented. 


2. Concentration polarization of the DL ina 
non-binary electrolyte 


2.1, Starting equations and boundary conditions 


The concentration polarization theory of the 
DL was first developed in Ref. [5] for the case of 
a binary electrolyte, although the basic equations 
and approaches formuiated in that work are inde- 
pendent of the number of ionic species in the 
dispersion medium. 

Let us consider a colloidal suspension of non- 
conducting spheres of radius a with a dispersion 
medium consisting of an electrolyte solution with 
N ionic species of valencies =; and equilibrium 
concentrations c? (i=1, ..., N). In the presence of 
a variable electric field, the concentration of ions 
will be given by: 


c(t) = c2(r) + dc;(r,t) (1) 


where r is the position vector with origin in the 
centre of the particle, and 6c; represents the effect 
on the concentration of species i in the bulk 
electrolyte of the double-layer deformation by the 
applied field (concentration polarization). If the 
diffusion coefficients of the ions in the solution are 
denoted by D; (i=1,...,.N), the expressions for 
oc; are [1]: 


eC; 
6é ae — DWV? dc; +2,D;c° 
it 


N-1 


¥, (Dj—Dy)2V75¢; 


andl Siete a OE 
x°NTI 0, 


Y (4;D;—-2znDy)c? 
j= 


j= 
i=1,..,N-1 (2) 
It is further assumed that the applied field strength 


is small enough to ensure local electrical neutrality 
in the electrolyte: 


y, 2,6c; =0 (3) 


jal 


which is analogous to the condition of local 


electrical neutrality in the absence of the field: 

N 

yz} =0 (4) 
j=1 
The equation for the perturbation electric potential 
w, (in dimensionless form y=ew/kT) is given by 


[1]: 


N-1 
x (Dj —Dy)zW75¢; 
Yey=— +} (5) 


N-ti 
Y (2;D;—zyDy)c? 
jl 

In order to obtain an analytical solution to the 
problem of potential and concentration distribu- 
tions, it is first necessary to separate and solve the 
coupled equations (Eq.(2). The separation is 
immediate only if (1) a binary electrolyte is consid- 
ered (N=2; there will then be only one Eq. (2), 
and (2) if all ions have equal mobilities 
(D,=D,=... Dy). 

The general solution to Eqs. (2)-(5) in the case 
of an alternating electric field of frequency w has 
been given by Hinch et al. [6]. A more simple 
procedure was described independently in Ref. [2], 
where it was demonstrated that the solution 
involves finding the roots of an (N—1)th degree 
polynomial with real coefficients. However, the 
general solution of Eq. (2) is rather cumbersome, 
thus making the derivation of expressions for 
LFDD very complicated. Therefore, we will reach 
a reasonable compromise: it will be assumed that 
the electrolyte contains three univalent species, 
two of which have similar diffusion coefficients: 


2, =2,=-23=+l, D,~D;=D (6) 


(D, is arbitrary and might be very different to D: 
this is the case, for instance, of a KCl solution 
with H* or OH™ additional ions). 

The conditions in Eq. (6) allow us to obtain the 
following expressions: 


a dy , 
w=| -E aerry + [cose 
r r 


kt (D—D,)éc, 
e 2c$D+(D, —D)c° 


(7) 


a? +r : 
de =a, — | I 41) |cos 8 eis 


(8) 
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a es 
bc, =a, => b+ 41) — | cos (Oye 
. 0 
eattinn ew. (9) 
s+c$ 
where i= —1, @ is the angle between the radius 
vector r and the applied field E (modulus £), and 
r=|r|. The quantities r; are given by: 
> Deri 

(—— (10) 

@ 
where D,.;;, the effective diffusion coefficients of 
the electrolyte, are given by: 


D, 
14+c9(D, —D)/2c8D’ 


Note that 6c,;=6c,+6c,, according to Eq. (3) and 
Eq. (6). In Eqs. (7)-(9), the unknowns d,, d,, d, 
can be obtained by substitution of the solutions 
of Eqs. (7)}-(9) into the boundary conditions of 
the problem. For a thin double layer (xa> 1, with 
x the reciprocal Debye length), these conditions 
are [5]: 


Des,2 =D (11) 


Des = 


Tj 
tye th =) j=1,2,3 (12) 
or 
here J;|,., 18 the normal flux of ions of type j from 
the bulk of the dispersion medium to the particle 
surface: 


Jilpea= —Dj{0dc;/6r+2;cf dy/Or},=, (13) 


In Eq. (12), I; is the adsorption density of the 
species j, and J; is the tangential flux of ions in the 
quasi-equilibrium part of the double layer, i.e. the 
region which retains its quasi-equilibrium structure 
(even in the presence of the external field) due to 
efficient ion exchange with the dispersion medium. 
This region includes the diffuse or Gouy layer and 
that part of the Stern layer where free exchange 
of ions with the diffuse part is possible. If the 
mean residence time t,., of adsorbed ions is small, 
ie. if 
OT res K 1 (14) 


then the polarized Stern layer can retain its quasi- 
equilibrium structure. The problem can be further 


simplified if we confine ourselves to the case of 
strongly charged particles, for which the equilib- 
rium Stern potential Wo satisfies: 


lWol> 100 mV (15) 


as in that case, the adsorption and tangential fluxes 
of co-ions can be neglected: 


Jjea=0 for 2,%o>0 (16) 


Expressions for the surface divergence of the 
tangential flux of counterions can then be written 
as [7]: 


asin @ 30 


; 6c; » OY 
x1 sin 6 +2;¢9 —_ 3 
00 00), =a 


z;Wo <0 (17) 


where R;, the generalized relaxation parameter, 
has three contributions corresponding, respec- 
tively, to electromigrational and diffusive fluxes of 
counterions in the diffuse (R?) or Stern (R?) layers, 
and to electroosmotic transfer in the diffuse layer 
(R}). They can be calculated from: 


rs; 

Ri=—2 
Dery. 

R?= jt bj (19) 
aD,c° 


6m, [= 1+ei/? 
Ry =— e?-1-21n( 
Ka 2 


Here, I'§; (Ip;) is the equilibrium adsorption den- 
sity of counterion / in the diffuse (quasi-equilibrium 
Stern) layer, D? is the lateral diffusion coefficient 
of species j in the quasi-equilibrium Stern layer, ¢ 
is the dimensionless zeta potential of the particles 
(€=el/kT), and m; is the dimensionless parameter: 


2€/s€gk? T? 


(20) 
3ne*D 


m; 


€,4 being the dielectric constant of the dispersion 
medium, n its viscosity, and €) the permittivity of 
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vacuum: In the polarized double layer, 

P,=Laj +P) =09 + Lay + 00) + Oj HL 5 FOL; 
(21) 

and the adsorption oscillation can be expressed as: 


él; 2 66r; 3 
= — =iwdl, (22) 
Ct ot 


in an alternating field of frequency w. 


2.2. Adsorption oscillations in a non-binary 
electrolyte 


The condition of local electroneutrality should 
be fulfilled for each part of the double layer. If the 
quasi-equilibrium nature of the concentration 
polarization mechanism prevails, we can write this 
condition in the form: 


N 
y, 26F;=0 (23) 
j=. 
because the polarization of the bulk by a strongly 
charged, non-conducting particle is negligible [5]. 
From Eq. (23) for a binary electrolyte, the polar- 
ization contribution is as low for counterion 
adsorption as for co-ion adsorption, and both will 
be negligible. Calculations reported in Ref. [5] 
support the conclusion that the influence of 
adsorption oscillations on LFDD is negligibly 
small. However, in the case of three ions (two 
counterions, j=1,2, and one co-ion, j=3), 
Eq. (23) takes the form: 


Note that Eq. (24) means that it is the sum of 
polarization contributions to counterion adsorp- 
tion which must be very small, and not both 
separately. It may thus happen that adsorption 
oscillations of counterions at the quasi-equilibrium 
part of the double layer are significant; we call this 
phenomenon the mutual enhancement of adsorp- 
tion oscillations. Note that polarization contribu- 
tions to adsorption enter the boundary conditions 
(Eq. (12) separately. 

In most cases of practical importance, the 
expressions for adsorption oscillations of counter- 


ions can be represented as (see Appendix A): 


ae ; aRp 
— =iwdl; =1a(—1) 
dt os 
x (C2dc, —C35C1),=0 j=i,2 (25) 
where 
(G, + Rg/2)(Gy + Rg/2 
Rew R,/r+ Git RalWGr+ Ral?) | 
Ry/2+(8G, +c8G,)/c8 
(26) 
and 
8, —2fexp (|yo/2|)—1 
py m 2d = Zee WoD=N fies 


ac; Ka 


Expressions for G, , and y depend on the character- 
istics of counterion adsorption in the Stern layer. 
Some simple examples are given below (see also 
Appendix A). 

If the adsorption of the two counterions is such 
that I, is proportional to c? exp (|yo|/2) (unsatu- 
rated adsorption), then 


G,2=—— 7=0 (27) 


If the situation is such that the counterions 1, 2 
adsorb ‘on different sites, according to the Stern 
adsorption isotherm: 

N$ (c9/cb) ele! 


~ Na 1+(c9/cb) ee! 


Fens Bo (28) 


bj 


where N$ is the surface density of adsorption sites 
for the jth ion, N, is the Avogadro number, and 
the constant c? is determined by the specific 
adsorption potential. From this [3]: 


I, »/ac? 
G22 0 (28a) 
1+(cy,2/cy,2) 7” 


y is not zero if both counterions can adsorb on 
the sames sites (density Ns): 


N, __(c8/c#) el! 
ni aroma oe ee) 
N, 1 +(cq/e? +¢3/c3) e 


178 LA. Razilov et al. | Colloids Surfaces A: Physicochem. Eng. Aspects 121 (1997) 173-187 


0 0 
P$3,2/8C1.2 


PTH (R/ck +09/c$) ee! 


QO 
= 
wv 


i) 0 
1G elol = 3 G, elo (29a) 
ce po! 


Finally, if only one of the ions can adsorb (species 
1, for instance), either Eq. (28) or Eq. (29) can 
be used, setting the other c? parameter equal to 
infinite (c3 > 00). 

R, is an important parameter of the model, and 
it might be worthwhile to consider its physical 
meaning. Let us note that Rr may be large when 
both counterions can easily adsorb at the Stern 
layer (G,,G,>1). Since the time variation of the 
adsorbed amount of any of the counterions is 
directly proportional to R, (cf. Eq. (25), high 
values of R,- mean a large adsorption oscillation 
effect, provided (c?dc, —c§dc,) #0. Note that while 
for a binary electrolyte this difference is always 
identical to zero, in the three-ion solution it is 
different from zero, as long as the relaxation 
parameters R, and R, (Eq. (18) and Eq. (19) are 
different, as expected in the case of H* or OH™ 
as additional counterion. 


3. Adsorption oscillations and LFDD 


If €/(w) denotes the dielectric constant of a 
suspension with solids volume fraction @, in the 
case of dilute suspensions a linear relationship is 
found between €/(qw) and ¢: 


€1(w) =€1a + PAE () (30) 


where €/, is the dielectric constant of the dispersion 
medium, and Ae/(w) is the so-called dielectric 
increment, containing the effect of the particles 
and their double layers on the overall dielectric 
behaviour of the system. In the concentration 
polarization approximation for thin double layers, 
it can be shown from Eq. (11.31) of Ref. [5] that: 


28 We @eE 
(31) 


3 
Aé (@) = 5 €ta(Ka)? 


where d, is the induced dipole coefficient of the 
colloidal particle (cf. Eq. (7). and 


a 


2Der,j 


Go suse 
j= 


w (32) 


The expression for d, is hence the essential step in 
the determination of Aej(w). Substitution of 
Eqs. (7}+(9) into the expressions for the fluxes and 
into Eq. (25) makes it possible to express fluxes 
and adsorption oscillations in terms of the 
unknowns d,, d, and d,. Further substitution of 
the expressions obtained into boundary conditions 
(Eq. (12) for counterions (j=1, 2), and Eq. (16) 
for co-ions (j=3) leads to a set of three algebraic 
equations: 


AjyX, + AjyX_ + Ajsdy =(3/2)A y@rE j=1,2,3 


(33) 
with 
Ay =(14+Ri +f tiW {Ryde 
+(14+R. +f, +iW3Rp)c} (34) 
0,0 
C1C2 : 
taal —f,—i(Wi —W3)Rr] 
0,0 0 
C102 2¢3 
Ap= R,—-R,+ 
12 8 ( 1—K 248 
xi fe tii - w2)Rs1) (35) 
D 
Ay3=Ch C5 [Fee -1-R, | (36) 
D,R 
Aunde( Ry] (37) 
D 
A,,=R,—R, (38) 
coR, +R 
Ae (39) 
ce 
3 
D 
Ay = +1 +Rr)+ = +R) (40) 
D 
Ang =C2Ro + 7 OR, (41) 
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fits 
Ax, =63 ; i (42) 
C2 +3 
zeke afi ths eh —f2) (43) 
‘ @ Ata) 
A33=—C§ A34=0 (44) 
kT = —cldc, 
My iwt 0 
z,ecosée C3 
Dep —D 208 
efi 2 3 | (45) 
D c+ a 
aekT . 
A in ER Ee 6c, + 0c, 
=, ecosée 
Det -D 3 
a ie, (46) 
D C3 +03 rea 
and 
F iW? 
P1+(14+iW, 


Solving Eq. (33) for d, allows one to obtain the 
desired expression for Aeé;(w) and Ae (0). In partic- 
ular, it can be shown that [3]: 


co OR; co OR, \? 
+ 


9 
Ae(0)= — €}, na? | ($ 
eg 1+R, cS 14R, 


cic§ (Ry -—R,P? (1+ | 
(c$)? (1+ Ri)? (1+ R2)? 


Note that the presence of R; (cf. Eq. (26) in 
Eq. (47) demonstrates that Ae;(0) depends on the 
characteristics of the adsorption oscillation effect. 
Furthermore, the sign of R, implies a positive 
contribution to Ae‘(0). From the dependence of 
Ae‘(0) on c§ and R,, the conditions for a significant 
influence of the oscillation on Ae{(0) can be sum- 
marized as follows: 

(1) If either c?c$=0, or species 1 and 2 have 
identical valencies, diffusion coefficients, etc., 
the electrolyte is binary and adsorption oscilla- 
tions will not be present, 

(2) If c9c8 40, and R,xR,, Ae.(0) will be little 
affected by the oscillations. 

(3) If cc #0, and R,#R,, the enhancement is 


(47) 


possible, and will be more important the larger 
the difference R,— R3. 
Eq. (47) also shows that in the case of a binary 
electrolyte [8]: 


9 
Ae (0) <(A€?) max = 16 €ta(Ka)? (48) 


but in the three-ion case, Ae{(0) can be much 
higher than Eq. (48). This can be understood if 
some extreme conditions are assumed. Thus, the 
limiting value (A€/)nax Cofresponds to a situation 
where the surface charge density o, tends to infin- 
ity. If, additionally, the Stern layer charge tends 
also to infinity (G,,G,—-%), but that of the diffuse 
layer remains finite (> finite), then Ae(0)><, 
provided that c?c$(R, —R,)#0. Note that high 
values of G, and G, can be achieved for finite R, 
and R, if the physically reasonable assumption is 
made that the mobility of counterions at the Stern 
layer is low: 


D?,G 
R°,= —-—~ finite, 
D> 
f ar G,.>1 
Hence: 


ccs (R, —R,)YRr 
(c8)? (1+ R,)?(1+R2) 
(49) 


9 
Ac(0) > €/4(Ka)*2 


if c®c{(R, —R,)#0 and R,;>«. In practice, G, 
and G, (and, as a consequence, R,) remain finite 
and so does Ae;(0), but the extreme condition 
(Eq. (49) shows that Ae;(0) can reach extremely 
high values, even if the concentration of one of 
the counterions is very small (for instance, 
c?«c$). This is possible because their adsorption 
cannot be small. In Ref. [3] it has been shown that 
moderate and feasible adsorption conditions for 
both counterions led to significant dielectric 
enhancement, comparable to that found experi- 
mentally by different authors [9-16]. 

Another quantity of interest in the description 
of the LFDD of a colloidal system is the relaxation 
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or characteristic frequency @,,, given by the condi- 
tion: 


AE (er) =2A€ (0) (50) 


From the numerical solution of Eq. (33), the whole 
dielectric spectrum can be obtained, and from this, 
@,,. With the aim of analyzing the effect of adsorp- 
tion oscillations on this quantity, let us consider 
the practical situation in which a small amount of 
ionic species 1 (c? «c8), for instance H* or OH, 
is added to a KCI solution (Dy+ ~ Dg -). In such 
a case, a significant effect of that small amount (at 
constant equilibrium Stern potential) on LFDD is 
possible only because of the adsorption oscilla- 
tion effect. 

The following dimensionless quantities will be 
defined to measure the effect of adsorption oscilla- 
tions on both Ae{(0) and @,,: 


Ae ;(0) 
5 nel ee (51) 
Aé:(0)|.2=0 
Fea (52) 
~ Werle? =0 


The total electrolyte concentration c$ and the 
relaxation parameter R, will be kept constant. 
Strictly speaking, the X and Z values are influenced 
not only by adsorption oscillations, but also by 
the tangential transport of type-1 counterions 
along the DL. However, the latter effect is usually 
small. Therefore, X and Z accurately represent the 
contribution of adsorption oscillations to the low- 
frequency limit of the dielectric constant and to 
the critical frequency, respectively. Note that ¥>0 
means a dielectric enhancement by the mechanism 
we are discussing, whereas Z #1 indicates an effect 


on the critical frequency. The behaviour of X is. 


shown in Fig.l. As observed, except when 
R,=R,, the effect of adsorption oscillations is 
always positive, i.e. the dielectric increment is 
higher than would be obtained in the absence of 
the additional ion. The enhancement is more sig- 
nificant the larger R, is. 

The variation of the critical frequency with 
R, for fixed R, is shown in Figs. 2-4 for 
D,=D, D,;>D and D,<D, respectively. When 
D,=D (Fig. 2), the A3, coefficient of Eq. (33) will 


be zero, and hence the adsorption oscillation will 
be present if A,,#0, ie. if R,;#R,, as is in fact 
demonstrated in Fig. 2. The behaviour if D,#D 
was expected to be different: in this case, A3, 1S 
non-zero and increases with frequency, but when 
@,, is computed for D,>D (Fig.3) or D,<D 
(Fig. 4) we again find that all curves intersect at 
the point R,=R, and attain a value Z~1. The 
small shifts of the intersection point towards the 
higher-frequency region (Z>1) for D,>D and 
towards lower critical frequencies (Z<1) for 
D, <D is related to the tangential transport of the 
minoritary ions (type-1 ions), and needs no special 
consideration here. 

This behaviour is indicative of the fact that the 
coefficient A3, is small in the concentration polar- 
ization frequency range, this giving rise to a close 
relation between the effect of oscillations on 
Ae‘(0) and w,,. Such a relation is demonstrated if 
one considers that when X<1 (Fig.1), Z=1 
(Figs. 2-4). . 

Let us now consider the effect of adsorption 
oscillations (their magnitude is represented by 
Rr) on w,,. Figs. 5-7 show the results for 
D,=D,D,>D and D,<D, respectively. For 
D,=D (Fig. 5) w,, increases with R, for small to 
moderate values of the latter quantity, and it 
decreases when R; is increased further. This brings 
about a maximum in all the curves, except when 
R, xR, (curve 2), when adsorption oscillations are 
negligibly small whatever the value of Rr. 

For D,#D, the effective diffusion coefficient 
Dez (Eq. (11) is of the order of D, if c? is small; 
one can expect that the values of w,, for D,>D 
will be higher than those for D,=D, and the 
reverse will happen if D,<D. This is in fact 
demonstrated by the data in Figs. 6 and 7. 

The characteristic frequency will be significantly 
different from the value corresponding to the 
binary electrolyte (Z very different from 1) if the 
effects of both D,¢,; and R,; act in the same 
direction. For example, if D,>D and R, takes 
moderate values (left-hand side of curves 3 and 4 
in Fig.6) a large increase in w,, is found; for 
D,<D and high R,;, w,, shows an especially sig- 
nificant decrease (right-hand side of curves | and 
3 in Fig. 7). 
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Fig. 1. Relative contribution of additional counterions (type |) to the low-frequency limit of the dielectric increment (Eq. (51) plotted 
as a function of the relaxation parameter R, for R,=0.1, c9/c$ =0.1, and different values of Rr. Curve 1: R-=0.5: curve 2: Rr=2; 
curve 3: R-=8: curve 4: Rp=32. 
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Fig. 2. Relative characteristic frequency (Eq. (52) as a function of R, for R,=0.1, c?/c3 =0.1, and R; as a parameter. D, = D. Curve 
1: R-=0.5; curve 2: R-=2; curve 3: R-=8; curve 4: R-=32. 
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4. Comparison with experimental data 


Grosse and Foster [9] summarized the experi- 
mental LFDD data obtained in a number of 
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Fig. 4. As Fig. 2, but for D,; =0.2D. 


studies [10-14]. Such data can be easily compared Eq. (48). 


with the limitation given by Eq. (48), as done by 
Lyklema et al. [15] using the experimental data 
reported in Ref. [12]. As a whole. most experimen- 
tal data on non-conducting particles clearly violate 
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Fig. 5. Effect of the strength of the adsorption oscillations phenomenon (represented by R,) on the relative characteristic frequency, 
for R,=0.1 and cf/c} =0.1, with R, as a parameter. D, =D. Curve |: R,=0.001; curve 2: R, =0.01; curve 3: R, =0.1 = R,; curve 4: 
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Fig. 6. As Fig. 5, but for D,=5D. 


Information concerning anomalously high tration (<2 x 10~*M KCI) there is a clear indica- 
values of dielectric increment is also presented in tion that the theoretical maximum is surpassed, 


Ref. [16] 


. For a sufficiently low electrolyte concen- unlike data obtained at the high concentration 
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Fig. 7. As Fig. 5, but for D, =0.2D. 


range, where Ae/(0), being anomalously high, 
remains below (A€})max- 

Although the adsorption oscillations of counter- 
ions at the quasi-equilibrium double layer can be 
invoked to explain such anomalies, the possibility 
must be considered that there is aggregation 
between individual particles in the system [15]. In 
fact, this phenomenon may have a drastic effect 
on Ae,(0), since dy is roughly proportional to the 
particle or aggregate size. Such an increase in the 
dipole coefficient might well give rise to Ae‘(0) 
above the value represented by the right-hand side 
of Eq. (48). 

It is, however, possible to elucidate which of the 
two mechanisms (adsorption oscillations or aggre- 
gation) can be responsible for the high Ae‘(0) 
values obtained; it suffices to check whether the 
increase in electrolyte concentration (c$) brings 
about higher or lower Ae/(0)/(A€/)max Tatios. If 
the mechanism responsible is aggregation, then the 
ratio should increase with concentration, since 
higher ionic strengths bring about more probable 
and faster aggregation processes, i.e., higher 
average values of d, and hence of Ae/(0). On the 
contrary, Eq. (47) shows that the relative contribu- 
tion (always positive for Ae‘(0)) of adsorption 


oscillations decreases with the increase of electro- 
lyte concentration. Thus, in the case of the results 
reported by Springer et al. [12], it is shown that 
the ratio Ae‘(0)/(Ae;)nax decreases with concen- 
tration, and even Eq. (48) holds for the highest 
ionic strengths. 

Nevertheless, the possibility of slight coagulation 
cannot be neglected in general, and both mecha- 
nisms can be working simultaneously. The mutual 
enhancement of counterion adsorption oscillations 
may explain the effect of c$ on Ae/(0), whereas 
aggregation can account for the obtention of the 
extremely high values of this quantity. 

Another test of the theory concerns the behaviour 
of the characteristic frequency w,,. As discussed in 
the previous paragraph, the adsorption oscillations 
may shift w,, to either higher or lower values, 
whereas coagulation of particles can only decrease 
@,,. Therefore, the existence of anomalously high 
characteristic frequencies can be regarded as evi- 
dence of the predominating role of the adsorption 
oscillations mechanism. For example, the data pre- 
sented in Ref. [16] show an increase of zeta poten- 
tial with electrolyte concentration; therefore, one 
cannot ascribe the decrease of the Ae/(0) 
[Ae :(0)] nax fatio to the adsorption phenomenon. 
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5. Conclusion 


We have analyzed the w,, data of Ref. [16]. It 
is found that w,, is about 2.5 times higher than 
the value corresponding to the binary electrolyte. 
Hence, it would be possible to explain the results 
of Ref. [16] consistently only in the framework of 
the mechanism described in this paper and in 
Ref. [3]: mutual enhancement of the adsorption 
oscillations of ordinary and additional counterions 
can lead to both anomalously high dielectric 
‘increments and high characteristic frequencies. 
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Appendix A 


7.1. Polarization contribution to counterion 
adsorption 


Because of local equilibrium conditions in the 
polarized double layer, the polarization contribu- 
tions to counterion adsorption can be related to 
the concentration increments near the external 
boundary of the double layer, (6c;),-,, and to the 
increment of Stern potential dw: 


6D =(1 9 +L org + bvic9 + (Scie ma i=1,2,3 
(PY +T ooo @=1,2,3 j=l,2 (A.1) 


or, after series expansion and neglecting quadratic 


and higher terms in ow, dc;: 


(3 &: ere; 
éc? Gc? 


t 


) (6¢;)p=a /= l, 2 


(A.2) 


It is impossible to use Eq. (A.2) directly in the 
boundary conditions (Eq. (12) because dy is an 
unknown. However, Eq. (24) allows dw to be 
determined: substitution of Eq. (A.2) into Eq. (24) 
enables us to express dy as a function of dc;, and 
eliminate it from Eq. (A.2). From here, 6/7; can 
be easily obtained. 

We demonstrate this procedure for the case of 
strongly charged particles, satisfying Eq. (16). 
Using Eq. (26a), together with the conditions 
€3=(c,+¢2) and 6c3=(dc, + 6c), it can be shown 
that: 


2 oe a; eG; 
—— =sign(Wo) —— ~>sign( 

as gn(Wo aol gn(Wo) kT 
ery; ry; 

Sees ay A3 
éc? 4(c2 +9) : el 
érs, 4, let 
ec? 7 § Ach +c9) 

Therefore 
- —) 3 (=) 
oy ) =F 0c; r=a 
dj (= Wy 2 ac? ( ) 
aR, | (-1) 
x~—| (6c;),<4 — CP OW’ — 
2 (604) ad +8 


X (816m 82D | j=i,2 (A.4) 


where 


: eow 
oy’ = —sign(Wo) a 


As arule, I Bi are functions of counterion equi- 
librium concentrations near the particle surface, 
i.e. they contain factors c} exp (|vo|). Hence their 
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derivatives can be written: 


a herr, 

=sign(o) pbnd + Bj2c3) 
CWo 
ele; - 
5 = aBy i F=1.2 (A.5) 
CC; 
Cc3 
with 
F elo ar; (A 6) 
"a fe? exp (lyol)] 
Hence 

er 

n=(4 Wo ") ov L(S #) dn 


= af j,[(6c1),=a— CLOW] + OB jal(Sc2),=4— CLOW] 
(A.7) 


Substitution of Eq.(A.4) and Eq. (A.7) into 
Eq. (A.2) yields: 


él, =614,+61,;= 
i “4 ms o+c3 


x {(—1)/**(Rq/2) (6c, ¢§ —6e2¢), 20 

+(Rg/2+ By)(cf +¢3)+[(6c;),< — Sow] 

x Bj3- (ct + c$)[(6c3- j)-=a —€3-jOW}} 

j=1,2 (A.8) 
Substitution of Eq. (A.8) into Eq. (24) gives the 
following expression for dw’: 
(Ra/2+ Bir + Bai Oey )r=a 
_ +(Ra/2 + B22 + Bi2)(6e2)p=0 
- (Ra/2+ Bi + Bar det 
+ (Ra/2+ B22 + Biadeo 


(A.9) 


and, after elimination of dw’ from Eq. (A.8), 
Eq. (25) for adsorption oscillations is obtained, 


with R; given by 


Ra x (Rq/2+ B11) (Ra/2 + B22) ~ Bi2Ba 
2 (Ra/2+ By, + Bar ot /c$ 
+(Rq/2+ Bro + Biz)e9/c§ 


Rr= 


(A.10) 


From this, Eq. (26) can be deduced as a special 
case: if any I°2, is independent of c$_, (that is, 
B;.3-;=0), we can obtain Eq. (26) by defining the 
parameters: 

by. By» Boy 
(Rq/2+ B11 + Bar c9/c§ 
+(Rg/2 + B22 + B12 )3/€8 
Eq. (27) and Eq. (28a) are just special cases of 
Eq. (A.11). The connection between Eq. (29a) and 
Eq. (A.10) is less trivial. Substitution of the equi- 


librium adsorption isotherms (Eq. (29) into 
Eq. (A.6) yields: 


Bj.3-; = — G3_,(c9/c®) exp (vol) 


(A.11) 


Bij =G;—-B3-;5 J=1,2 (A.12) 
where, from Eq. (29a) 
G,/c} =Gz/ct (A.13) 


Substitution of Eq. (A.12) into Eq. (A.10) yields 
Eq. (26), with 


G(Rq/2+ G,)ef/c? 
+ G,(Rq/2+ G)c$/c§ 


= (A.14) 
Ry/2+G, 02/38 + G,c9c3 


exp (IVol) 


This equation, together with on (A.13), is equiva- 
lent to Eq. (29a) for the parameter y. 


7.2. List of main symbols 


a particle radius 

Cj concentration of ionic species i in the 
bulk electrolyte 

ror equilibrium value of c; 

dy induced dipole coefficient (Eq. (7) 

di 2 see Eq. (8) and Eq. (9) 


Desi effective diffusion coefficient (Eq. (11) 


Tr 


4 
; 


Pa(0e) 


Oc; 


LA. Razilov et al. 


diffusion coefficient of the ith ion 
elementary charge 

parameters of R- (Eq. (26) 

tangential flux of the jth ionic species 
normal flux of ions of type j 
Boltzmann’s constant 

bulk conductivity 

dimensionless parameter of the jth ion 
number of different ionic species in 
solution 

position vector with its origin in the 
particle centre 

modulus of r 

see Eq. (10) 

relaxation parameters of tangential flow 
of counterion j 

common value of R¢= R$ 

relaxation parameter of counterion 
adsorption oscillations (Eqs. (25) and 
(26). High values of R-; mean large 
adsorption oscillations of counterions 
absolute temperature 

dimensionless parameters (Eq. (32) 
relative contribution of admixture coun- 
terions to the LF limit of the dielectric 
increment 

dimensionless form of electric potential 
wv 

dimensionless surface potential 
relative characteristic frequency 
valence of the jth ion 

adsorption density of the jth ion 
equilibrium adsorption density of the 
jth ion 

equilibrium adsorption density of the 
jth ions at the diffuse (Stern) layer 
contribution of DL polarization to the 
concentration of the ith ions in the bulk 
electrolyte 

dielectric increment 

low-frequency dielectric increment of a 
colloidal suspension 

parameter of R- 

perturbation to the Stern potential at 
the polarized DL 

permittivity of vacuum 

Dielectric constant of the dispersion 
medium 
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zeta potential 
dimensionless € 


wor ¢ 


n viscosity of the dispersion medium 

8 angle between the applied field and the 
position vector r 

K reciprocal Debye length 

Tas mean residence time of adsorbed ions 

y electric potential in the buik electrolyte 

@ volume fraction of suspended particles 

Wo equilibrium Stern potential 

Wo dimensionless form of Wo 

o frequency of the applied AC field 

er characteristic relaxation frequency 
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